Calcium Binding Proteins (CaBPs), part of the vast family of EF-Hand-domain containing proteins, modulate intracellular calcium levels. They thereby contribute to a broad spectrum of biological processes -amongst others cell migration, gene expression and neural activity. In this study we identified twelve members of this protein family in zebrafish including one gene (cabp4b) currently not present in the zebrafish genome assembly. To gain insight into their biological functions, we carried out a detailed analysis of the expression patterns of these genes during zebrafish late embryonic and early larval development. We detected specific transcription for most of them in different neuronal cell populations including the neuroretina, the inner ear and the notochord. Our data supports potential roles for CaBPs during neuronal development and function and provides a starting point for genetic studies to examine CaBPs' function in these tissues and organs.
Introduction
Calcium signaling is a fundamental process required for communication between neurons [1] . A local and rapid increase in calcium concentration within the pre-and postsynaptic specialization is required for transmission of information throughout the nervous system. The massive influx of calcium into the postsynaptic neuron triggers the activation of specific gene expression programs leading to long-term or short-term synaptic alterations [2, 3] .
Since calcium-dependent gene transcription is involved in the control of crucial processes such as synapse development, maturation and refinement, it must be strictly regulated [4] .
A broad spectrum of calcium sensing proteins acts as buffer for intracellular calcium, modulating and restricting the spatial and temporal impact of calcium as a second messenger. This gives these proteins a central role as regulators of the signaling pathways triggered or promoted by calcium.
Calcium binding typically elicits a conformational switch in the sensor. This switch leads to various interactions with downstream effectors and ultimately modulates neuronal activity [5] . For instance, the calcium binding protein Calmodulin (CaM) has been shown to bind the intracellular domain of the L-type voltage sensitive calcium channel and, upon calcium influx, to activate Ras/MAP Kinase signaling thus triggering gene transcription in the nucleus [6] .
In mammals, the Calmodulin (CaM) superfamily, characterized by an EF-hand calcium binding motif, forms the largest class of calcium sensing proteins [7] . A related subfamily, the Calcium Binding Proteins (CaBPs) share a very similar domain organization with CaM and have been shown to have coevolved in vertebrate animals [8] . In humans the Calcium Binding Protein family is composed of six members: CaBP1, 2, 4, 5, 7 and 8. While the cabp6 gene has not been identified, cabp3 is most probably a pseudogene [9] . Cabp7 and cabp8 were alternatively referred to as calneuron2 and calneuron1 respectively in earlier studies [10, 11] and form a separate sub-family based on their sequence characteristics.
The expression pattern of single members of the CaBP family has been analyzed in human and mouse tissues (for a summary see Table 1 .) but the localisation of the majority of them remains unknown. Furthermore, a few functional studies have been carried out, showing the involvement of CaBPs in the physiology of neural circuits. For example, cabp4 and 5 were observed to be expressed in the retina where the respective proteins play a role in the modulation of visual stimuli, most likely by their interaction with voltage-gated Calcium channels [12] [13] . The specific expression of other Calcium binding proteins has been observed to be connected to a precise function [14] in their respective expression domains.
In the following study we describe the expression patterns of all known Calcium binding proteins during the first five days of zebrafish development. We furthermore identified a new member of this gene family, cabp4b that is not part of the actual Zv.9 genome assembly.
Results

Phylogenetic analysis
To identify all Calcium binding protein family members in zebrafish we used the Ensembl orthology prediction tool. Based on their human orthologs we found two zebrafish paralogs for each gene (except cabp4). This is consistent with the commonly accepted theory that all teleosts underwent one additional round of whole genome duplication in evolution [15] . Surprisingly compared with the other 4 teleosts (medaka, takifugu, tetraodon, stickleback) zebrafish seemed to be the only species with just one paralog of cabp4. To identify a potential second zebrafish paralog for this gene we searched the NCBI expressed sequence tag collection for a suitable cDNA clone using the Tetraodon cabp4 (2of2) cDNA sequence as bait. As the best hit, with 77% sequence identity, we identified a cDNA clone from a zebrafish retina cDNA library. This sequence was not present in the current Zv.9 assembly. When we aligned the cDNA clone with all other zebrafish cabps cDNA sequences it displayed the highest degree of conservation to cabp4a (data not shown). Using specific primers against the identified cDNA clone (IMAGE:4145466) sequence, we were able to amplify a 530 bp fragment from wild type Tupfel long fin cDNA. The online protein domain prediction tool Prosite from ExPasy assigned two EF-Hand domains to the unknown gene (Fig. 1C) . Based on these results, we decided to call this cDNA clone cabp4b.
We subsequently calculated a phylogenetic tree based on the protein sequences of all H. sapiens and D. rerio Calcium binding proteins (for details see Material and Methods). As previously described [10] cabp7s and cabp8s (calneurons) form a separate subfamily (Fig. 1) . Cabp4 is closest related to this subtree followed by cabp5. Furthermore, both zebrafish cabp5 and cabp2 paralogs show a closer relationship to the zebrafish cabp2 paralogs than to their human orthologs.
In situ expression analysis
In order to determine the spatial distribution of calcium binding protein mRNA, we performed whole mount in situ hybridisation analyses with specific antisense probes.
CaBP1s
The expression pattern at different stages of development for both cabp1a and cabp1b is consistent with the data reported in the ZFIN website [16] . At 48hpf cabp1a exhibits a broad expression throughout the developing brain (Fig. 2 , A-D) with additional expression in the notochord and the heart. 72hpf the staining of the antisense probe is restricted to the inner half of the inner nuclear layer (INL) of the retina (Fig. 2, A9-D9 ). To determine the precise neuronal type showing cabp1a expression we employed the zebrafish transgenic line Tg(Ptf1a:GFP) [17] (pancreas transcription factor 1 a) that has been shown to label the two inhibitory neuronal types (horizontal and amacrine cells) of the retina. Thereby, we were able to indicate amacrine cells as the most likely cabp1a-expressing population (compare Fig. 2 F-H) . This observation is consistent with previous data by Wu et al. [10] where mRNA of the mouse cabp1 ortholog was detected in amacrine cells of the mouse retina.
When the whole mount staining pattern of cabp1b was investigated, we could detect at 48hpf, a strong staining in the otic vesicles and along the notochord (Fig. 3, A-D) . At 5dpf the strong expression of cabp1b in the notochord was maintained with an additional expression domain in the amacrine cells layer of the retina (Fig. 3, A9-D9 ). Comparison of cabp1b antisense probe signal with GFP in the Tg(Ptf1a:GFP) line strongly suggests expression in this cell type (Fig. 3, E-H ).
CaBP2s
Whole mount RNA expression analyses of cabp2a revealed no specific signal at early developmental stages. At 72hpf we could detect prominent expression in the retina and in the notochord (Fig. 4 , A-D). To further clarify the identity of cabp2a expressing cells in the retinal tissue, we used the zebrafish transgenic line Tg(Vsx2:GFP) [18] . Vsx2, a homeodomain transcription factor, is initially expressed throughout the retinal epithelium, but is later enriched in a minor population of bipolar cells in the outer part of the INL. Localisation of GFP and the in situ signal (Fig. 4 , E-H) show that cabp2a is expressed in the bipolar cells of the retina consistent with specific mRNA distribution of the mouse ortholog cabp2 in the mouse retina and minor retinal component in other species [9] . For cabp2b, both, the inner ear and neuromasts in the lateral line exhibit strong staining from 72hpf onwards (Fig. 5 ). The localisation in hair cells of both sensory organs was further supported by analyzing the expression in the Tg(Brn3C:memGFP) transgenic line [19] . In this line the GFP signal can be observed in a subset of retinal ganglion cells, hair cells of the inner ear and the lateral line neuromasts.
CaBP4s
During the first five days of development no mRNA of the cabp4a gene could be detected. Similarly, the newly discovered cabp4b was not detected in any tissue within the first 72 hours post fertilization. Importantly, from day 4 onwards, a strong staining in the photoreceptor layer became visible (Fig. 6 ). This specific pattern of expression has also been described in mammals where cabp4 was shown to play a crucial role in photoreceptor physiology [12] . The impairment of cabp4 function triggers severe defects of vision like autosomal recessive night blindness [20] .
CaBP5s
Endogenous cabp5a mRNA shows no expression in all the stages of development analyzed, while for adult eye tissue there was EST evidence reported [21] . For cabp5b, from 48hpf onwards, the expression pattern is consistent with the profile shown by Thisse et al., 2004 16 : the otic vesicles display a very prominent labeling, which is maintained in later stages (Fig. 7) . In addition, in 5dpf Cabp7 and calneuron (cabp8) form a separate subfamily (brown shading). B) Domain structure of CaBP4b as predicted by ExPasy (www.expasy.org). C) Protein alignment of the two EF domains of the human CaBP4 protein, the known zebrafish ortholog (cabp4a) and its newly discovered paralog (cabp4b). The blue color represents the Blosum62 score; high similarities are in dark blue while lower similarities are indicated in light blue. The first EF-Hand domain shows a higher degree of conservation than the second one. doi:10.1371/journal.pone.0053299.g001 larvae a strong signal is detectable in the retinal inner nuclear layer and in the notochord (Fig. 7, A9-D9 ). To identify the cabp5b-expressing cells, we assayed whole-mount in situ hybridisation in the zebrafish transgenic lines Tg(Vsx2:GFP) and Tg(Brn3C:
CaBP7s
Homolog to human calcium binding protein 7 (ENSG 00000100314, also known as Calneuron2), the two zebrafish genes cabp7a (annotated as cabp7 2of2, ENSDARG00000078272) and cabp7b (annotated as cabp7b, ENSDARG00000060846) were analyzed for their spatio-temporal expression pattern. cabp7a showed widespread expression throughout the brain from day 3 onwards with a prominent labeling detected in the dorsal thalamus region, as well as at the level of the cerebellar plate (Fig. 8) . For cabp7b, the observed expression was more restricted to the midbrain and the hindbrain area anterior to the medulla oblongata (Fig. 9) . in the dorsal parts of the brain such as optic tectum and cerebellum could be detected (Fig. 9, E, F) .
CaBP8s
Calcium binding protein 8, also known as calneuron1, has the two homologs caln1 and caln2 in zebrafish. Both of them are characterized by an early onset (between 24hpf and 48hpf) of expression (Fig. 10, A-D, Fig. 11, A-D) . In 48hpf embryos, caln1 exhibits a specific in situ hybridisation pattern, restricted to a population of primary sensory neurons -most probably Rohon Beard cells (Fig. 10, A-D) . Analysis at later stages, 4dpf, reveals expression of caln1 predominantly extending from the telencephalic pallial domain to the ventral thalamus region (Fig. 10, A9-D9 ). In addition, caln2 is detected in 4dpf embryos in what is most probably the head of the pronephric ducts. The expression pattern observed for caln2 seems to overlap with that of caln1 at later stages -a very localized staining is detectable at 48hpf in the subpallial region and in the caudal midbrain (Fig. 11, A-D ). Caln1 and 2 are also detected in a subset of retinal ganglion cells -in the case of caln2 localized at the center of the ganglion cell layer (Fig. 11, E ).
Discussion
Our work indicates that Calcium Binding Protein family members show very specific expression patterns in the course of zebrafish embryonic and larval development. Comparing our data with the published literature in mouse we observe a consistent conservation of most expression domains between the mammalian and the teleost clade (Table 1 ). In addition, we detected expression of cabp2b and cabp5b in hair cells of the inner ear, that has not been previously described in mice, and the neuromasts of the lateral line.
As a consequence of the extra genome duplication in teleosts, the two zebrafish orthologs either showed distinct expression patterns (i. g. cabp2a and cabp2b) or expression could not be detected for one of the two paralogs (i. g. cabp1a and cabp1b). The separate expression domains of the two paralogs suggest a possible subfunctionalization during teleost evolution [22] . This remarkable feature of the zebrafish system and its amenability to genetic manipulation will allow a detailed dissection of CaBP function in the different neuronal subpopulations where they are expressed.
In addition, we identified a new member of the cabp family, cabp4b, that is not part of the current zebrafish genome assembly. In humans, this gene has been related to different retinal pathologies such as the congenital cone-rod synaptic disorder and autosomal recessive night blindness.
Therefore, our findings open up the possibility to further dissect the molecular mechanisms underlying the pathology in humans using zebrafish as a model organism.
Materials and Methods
Ethic statements
All fish are housed in the fish facility of our laboratory, which was built according to the local animal welfare standards. All animal procedures were performed in accordance with French and European Union animal welfare guidelines.
Epifluorescence image of a sectioned ear (E) and confocal images (F-H) showing strong expression of cabp5b in a subset of cells in the inner ear. 
Gene identification
Calcium binding protein members in Danio rerio were identified based on orthology predictions in Ensembl using the Zv9 (GCA_000002035.2) assembly. To confirm gene identities we performed multispecies alignments within the 5 teleost species O. latipes, T. rubipres, G. aculeatus, T. nigroviridis and D. rerio and used the following genes:
In the case of cabp4 there was just one ortholog annotated in the zebrafish Zv9 assembly. As there were two paralogs present in all other teleost fish species we used the cDNA sequence of cabp4 (2of2) (ENSTNIG00000005250) of Tetraodon and performed a BlastN search against the EST selection of NCBI. As a result we found a cDNA clone (BG307419, fm03g10.y1, IMAGE:4145466) that showed 77% sequence similarity to the Tetraodon sequence and named it cabp4b.
Phylogenetic analysis
The protein sequences of Danio rerio and Homo sapiens CaBPs were obtained from Ensembl. For cabp7b, there was no annotated start codon and we were not able to identify a suitable translational start in the genomic upstream sequence. For cabp4a neither start nor stop codon were annotated. By including the flanking genomic region in the search for an ORF, both could potentially be identified upstream and downstream of the annotated gene. For the newly identified cabp4b the whole sequence given as BG307419 was used and translated in frame +1. Alignment of the sequences was produced using MUSCLE online at the European Bioinformatics Insitute (EBI) [23] . The result of the algorithm was visualized using Jalview [24] . A phylogenetic tree was assembled using BioNJ online at phylogeny.fr performing 1000 bootstraps and using the Jones-Taylor-Thornton matrix. This distance-based algorithm is claimed to be well suited for comparison of sequences with high substitution rates [25, 26] . The tree was visualized using the open source software Dendroscope [27] . To identify the functional domains within the cabp4b ORF we used the ExPASy Prosite database from the Swiss Institute of Bioinformatics (SIB, www.expasy.org).
Fish husbandry and strains used
Breeding and raising of zebrafish followed standard protocols [28] . Zebrafish embryos were treated with 0.0045% 1-Phenyl-2-Thiourea (PTU) in medium after gastrulation to prevent pigment formation. For one color whole mount in situ hybridisation Tupfel long fin fish were used. The transgenic Tg(Vsx2:GFP) [18] and Tg(Ptf1A:GFP) [17] lines were a kind gift of Lucia Poggi and Jochen Wittbrodt; the Tg(Brn3C:memGFP) [19] line was obtained from Herwig Baier.
Molecular cloning
For generating an anti-sense probe for cabp1a, we ordered the clone IRBOp991H0750D from Imagenes. Subsequently, the coding fragment was cloned into the pBluescript KS vector (Invitrogen). Following linearization of the plasmid with HindIII and DNA clean-up, a Digoxigenin (DIG)-labeled antisense probe was generated using T7 RNA polymerase. Following DNaseI treatment, the synthesized probe was purified using the NucleoSpinH RNA II Kit (Macherey-Nagel).
The same procedure was applied for the synthesis of the antisense probes of cabp2a (IMAGp998N1115278Q(2)); into pAMP1, linearization with KpnI, transcription with SP6 polymerase; cabp2b (IMAGp998G1716318Q); into pBluescript Sk-, linearization with EcoRV, transcription with T7 polymerase; cabp4a (IMAGp998D0510667Q(4)); into pBluescript Sk-, linearization with BamHI/NotI, transcription with T7 polymerase; cabp5a (IRBOp991H021D); into pBluescript Sk-, linearization with NcoI, transcription with T7 polymerase; cabp5b (IMAG- p998E2112463Q(5+3)b) into pAMP1, linearization with EcoRI, transcription with SP6 polymerase. For cabp1b, cabp4b, cabp7a, cabp8a and cabp8b, cDNA fragments were PCR amplified from zebrafish total cDNA using the following primers (59prime to 39prime): CaBP1b_fwd: CTATGGGAAACTGTGTTAAATCG-CCGC; CaBP1b-rev: TTATCTCTAGCGAGACATCATTCG-CAC; CaBP4b_fwd: CATCCACGATACACCATGGCAC; CaBP4b_ rev: TCCACAGAGATCTTCCCATCGC; CaBP7a_fwd: AAG-TGGAGGAGATCCGTGAAGC; CaBP7a_rev: ATCAAGC-TCTTTCGCACACAGG; CaBP8a_fwd: AAGGAGATGAGG-GGCTAGGGAG; CaBP8a_rev: CACACACGTCTGACGGT-TCTTC; CaBP8b_fwd: GGAGCGAGCTTTTCACCTGATG; CaBP8b_rev: TGGTGAGATGGTCTCTGAAGGC. PCR fragments were cloned into the pCRII-TOPO vector (Invitrogen) according to manufacturers' instructions. All plasmids used were confirmed by sequencing.
In situ hybridisation
In vitro transcription of Digoxigenin-labeled probes was performed using the RNA Labeling Kit (Roche Diagnostics Corporation) according to manufacturer's instructions. Dechorionated embryos at the appropriate developmental stage(s) were fixed in 4% paraformaldehyde in 16 phosphate buffered saline (pH 7.4) for 2 h at room temperature and whole-mount in situ hybridisation was performed as previously described [29] . 
Antibody staining
After in situ hybridisation staining, whole mount zebrafish embryos from Tg(Vsx2:GFP), Tg(Brn3C:memGFP) and Tg(Ptf1a:GFP) transgenic lines were washed twice in 16 PBS/ 0.1% Tween-20 solution. Subsequently, they were incubated 1 h at room temperature in 10% Normal Goat Serum (Invitrogen), 1% DMSO in PBS-Tw blocking solution followed by overnight incubation with 1/1000 dilution of chicken primary anti-GFP antibody (Genetex). The Alexa Fluor 488 secondary antibody goat anti-chicken IgG (1/500, Molecular probes) and a 1/500 dilution of DAPI (50 mg/mL) in blocking solution were added overnight.
After 56 washing in wash buffer (16 PBS/0.1% Tween-20) microscopy analysis was performed.
Vibratome sections and confocal microscopy
After staining, whole-mount embryos were washed twice in 0,1% Tween in PBS 16. Afterwards, the samples were embedded in gelatin/albumin with 4% of Glutaraldehyde and sectioned (20 mm) on a VT1000 S vibrating blade microtome (Leica). The sections were analyzed on a Leica Upright Widefield epifluorescence microscope and a Zeiss LSM710 confocal microscope (Zeiss). Images were processed using ImageJ, Adobe Photoshop and Adobe Illustrator software.
